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III. " On the Limiting Distance of Speech by Telephone." By 
William Henry Pbeece, F.R.S, Keceived February 17, 
1887. 

The law that determines the distance to which speaking by tele- 
phone on land lines is possible, is just the same as that which de- 
termines the number of currents which can be transmitted through 
a submarine cable in a second. The experimental evidence upon 
which this law is based was carried out in 1853 by Mr. Latimer 
Clark (whose assistant I then was). The experiments were made by 
me in the presence of Faraday ; many were his own ; he made them 
the subject of a Friday evening discourse at the Royal Institution, 
January 20, 1854, and they are published in his ' Researches ' (vol. 3, 
p. 508). They received full mathematical development by Sir William 
Thomson in 1855 ('Roy. Soc. Proc.,' May 24), who determined 
the law, the accuracy of which was proved by Fleeming Jenkin and 
by Cromwell Yarley, and the 110,000 miles of cable that now lie 
at the bottom of the ocean afford a constant proof in their daily 
working. 

Hockin reduced Thomson's law to the following series : — 

x = C(l-2{(|)^ tt ~(|)^^-h(|) 9 ' f/a ~-(f) lw/a +&c.}), 
which allows it to be expressed by the following curve (1) : — 
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Nowa is a time-constant dependent on the conditions of the circuity 
invariable for the same uniform circuit but differing for different 
circuits. It represents the time that elapses from the instant contact 
is made at the sending end to the instant that the current begins to 
appear at the receiving end. It is given by the following equa- 
tion : — - 

a = B&rZ 3 , 

B being a constant dependent principally on the units used ; 7c the 
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inductive capacity per unit length (mile or knot) ; r the resistance 
per unit length, and I the length in miles or knots, 

a, therefore, limits the number of vibrations per second that can be 
sent through any circuit. If a be 0*196 second, as it was in the 
French Atlantic cable of 1869,* 2584 knots long, then it is impos- 
sible to send 5*1 currents per second through that cable; but it would 
be possible to send 5 or 2J complete reversals per second. Moreover, 
as the number of reversals varies inversely with the square of the 
length, it shows that such a cable if of 100 miles length would 
allow 1562 reversals to pass through it. It is necessary to remark 
that these expressions involve no mention of E.M.F., or of current, 
and therefore the number of reversals which can be produced at the 
end of a wire is quite independent of the impressed E.M.F., and 
therefore of the strength of the current. But the number of reversals 
is dependent upon the sensitiveness of the apparatus used to receive 
the currents, for if we use an instrument which will respond to a cur- 
rent indicated by the full line, we get two currents per second ; and if 
we use an instrument which will respond only to the dotted line, we 
get only one current in two seconds, which is about the current used 
with delicate relays in this country. This is why such discordant 
results are obtained by different observers who attempt to measure the 
velocity of currents of electricity. It is also why the telephone is 
such an admirable instrument for research — for it is sensitive to the 
least increment or decrement of current. 

Before proceeding with this inquiry it was necessary to determine 
very accurately the inductive capacity of overhead and underground 
wires. This was done with great care on very dry days in different 
parts of the country by means of a Thomson mirror galvanometer 
and a standard condenser. 

The results come out as follows : — 





Capacity 

per mile 

microfarads* 


Eesistance 

per mile 

B. A. ohms. 




0-0168 
0124 
-2500 
0-2900 


12-0 
5-7 
23-0 
10-25 




G-utta-percha-covered wire in cables 





The capacity can be calculated from the following formula (also due 
to Sir William Thomson) : — 

K = 21og(4fe/d/ 
* Fleeming Jenkin, 'Electricity and Magnetism/ p. 331. 
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where d is the diameter of the wire and h the height above the 
ground. Taking h at 500 cm. and d\ at 0*243 cm., the capacity comes 
out for 12^ wire at 0*0113 instead of 0*0124 microfarad per mile. The 
cause of this difference is referred to farther on. 

It then became necessary to determine the speed of the current 
through wires of different lengths, resistances, and capacities. 

A multiplex distributor — such as we are now using in the Post 
Office — enables this to be done with great accuracy. At each station 
a circle is broken up into 162 sections, and an arm in connexion with 
the line wire carrying a brush sweeps over these sections and makes 
contact. This arm can be made to rotate at any speed. If it makes 
three revolutions per second it will make the duration of each contact 
T |-g-th of a second. Now the two distributors are kept running in 
absolute synchronism, so that the brush at each station always rests 
simultaneously on corresponding sections. The sections at one station 
can be placed in contact with the battery, and those at the other 
station with a galvanometer or other sensitive apparatus. If tbe cur- 
rent traversed the wire instantaneously then it would appear on the 
same section at the same time on the galvanometer ; but the current 
is always retarded, and the amount of retardation or the value of a can 
be measured and the curve of arrival and cessation drawn by watching 
the indications of the galvanometer on each succeeding section. 

The following table summarises a large number of experiments 
that have been made in different parts of the country, and on different 
lines, to determine by observation the connexion that exists between 
speed of current, distance spoken through, resistance, and capacity. 
The maximum current, or the crest of the wave, was observed. This 
was equivalent to # 003 ampere. 

It will be seen that the limiting distance through which it is 
possible to speak varies inversely with the speed of the current, and 
that the speed of the current varies inversely with the product of the 
total resistance and the total capacity of the circuit. Hence we 
can say that the number of reversals that it is possible to send 
through any circuit varies inversely with the product of the total 
resistance (R) and the total capacity (K), or the limiting distance 

S = KR x constant (1) 

This is only another form of Thomson's law for K = Ik, and 
R = It, and 

.*. S = Jcrfi X constant. 

It is seen that when the speed of the working current was 

0*001" speaking was perfect, 
0*002" speaking was good, 
0*003" speaking was fair, 
0*004" speaking was difficult. 
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If we put equation (1) into this form, 

A = Jcrx*, (2) 

and give to A the following values : — 

Copper (overhead) 15,000 

Cables and underground 12,000 

Iron (overhead) 10,000 

we can find the limiting distance we can speak with any wire ; for 

a? 2 = A/Jcr, 

Take copper, whose constant is 15,000, and a wire whose resistance 
is 1" per mile, and capacity 0'0124 per mile, then — 



x % — 



15000 
0-0124/ 



x = 1100, 

which is the limit of speaking upon such a wire. 

The wire used between Paris and Brussels has a resistance of 
2'4 ohms and a capacity of about 0*012 microfarad per kilometre, and 
as that distance is only about 200 miles the speaking must be excellent. 
Moreover, there is reason to believe, from the difference between 
observation and calculation, that the static capacity on Continental 
and American lines is less than that of English lines, owing to the 
use of earth wires on all poles in England, and therefore the distance 
would be greater. 

Take an Atlantic cable — 

12000 
x 3 x 0-43 

x = 96. 

Now I had found in 1878 # that it was just possible to speak through 
100 miles of such a cable — a very close agreement. 

Moreover, by the law of the squares, 100 miles of an Atlantic cable 
ought to transmit 1562 reversals, if 2584 miles transmit 2^, and 
this is probably the average number of sonorous vibrations imparted 
by the human voice, when hearing by telephone begins to get difficult 
by the loss of the higher partials and overtones. 

There is another interesting consequence of Thomson's law which 
comes out of these experiments, and that is, whether the line be a 
single wire completed by the earth, or a double wire making a 
metallic circuit, the rate of speed between the two ends is exactly the 

* • Phil. Mag.,' April, 1878. 
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same, and therefore the distance we can speak through is just the 
same whether we use a single or double wire circuit. This is owing 
to the fact that though in the latter case we double the total resis- 
tance, we halve the total capacity, and therefore the product remains 
the same. 

The difference between copper and iron is clearly due to self- 
induction, or to the electromagnetic inertia of the latter, and the 
difference between copper overground and copper underground is due 
to the facility that the leakage of insulators offers to the rapid dis- 
charge to earfch at innumerable points, of the static charge, which in 
gutta-percha-covered wire can find an exit only at the ends. 

It is also evident that there is no difficulty in working telephones 
through underground wires, even though they attain 50 miles in 
length, and in fact it would be better to work underground with 
proper copper wire from London to Brighton, than to use iron wires 
along the railway telegraph poles, owing to the absence of external 
disturbances in the former case. 

The limit of working of different insulated wires is easily obtained 
by equation (2), and the following table gives that information for 
different gutta-percha-covered wires. 



No. 


k. 


r. 


Limit of speech. 


20 


0-270 mf. 
0*250 „ 
0-240 „ 
0-290 „ 


45 ' 00 ohms. 
23 -00 „ 
13 -00 „ 
10*25 „ 


32 miles. 

46 „ 
62 „ 
64 „ 

8 


11 
18 

n 

16 


4 " " **" 

107 lbs. 
150 lbs. 



]sr.B. — The top number indicates the gauge of wire, and the lower number that 
of the gutta-percha. 
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The investigation, the results of which I now record, was com- 
menced at the end of December, 1885. It arose out of an inquiry into 
the prevalence of scarlatina in different quarters of London, under- 
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